Energy is an important component of poultry feed and is derived principally from cereal grains. Unfortunately, all of the chemical energy is not available to the bird, and biological assays must be used to determine the digestible energy value of a cereal grain. The bioassay described uses four pens of six male broiler chicks, complete diets containing 80% of a test cereal grain (with or without an appropriate commercial enzyme), and ad libitum feed intake. Apparent metabolizable energy values (kilocalories per kilogram of cereal grain, DM basis) values are calculated from gross energy and acid insoluble ash measurements of diet and excreta collected for 24 h at 16 d of age. To monitor variation between broiler chick assays, due to bird, environment, etc., common control samples of Hard Red Spring (HRS) and Canadian Prairie Spring (CPS) wheat were tested in each of 15 separate assays over 2 yr. Similarly, for barley, control samples of hulled and hulless barley were repeatedly tested in five assays.
INTRODUCTION
estimated that energy in feed represents 40% of the cost of producing poultry meat and eggs, underlining the importance of accurate energy determination of feed ingredients for the formulation of poultry rations. Cereal grains make up the greatest proportion of a poultry diet and they are the major energy source. In Western Canada, the most common feed cereal grain for poultry is wheat, although the evolution of commercial feed enzymes has allowed increased use of barley in diets for broiler chickens. Hulless barley varieties with reduced fiber content have been developed for use in poultry feed (Rossnagel et al., 1983) but varieties selected for reduced anti-nutritive factors are not available.
Approximate ME values for wheat and barley are provided in published summary tables (Leeson and Summers, 1991; NRC, 1994) . The actual ME value can vary according to the cereal type and variety (March and Biely, 1973; Sibbald, 1976; Classen et al., 1988) and the environment in which the cereal grain is grown (Willingham et al., 1960; Gohl and Thomke, 1976; Jeroch and Dänicke, 1996) .
Variation in digestible energy of a cereal grain is principally due to differences in the energy content (contributed, respectively, by starch, protein, and fat) and the presence of anti-nutritive factors that can limit the availability of nutrients to the bird. The principal anti-nutritive factors in some cer eal grains (e.g., wheat and barley) are soluble nonstarch polysaccharides (NSP, Annison and Choct, 1991; Smits and Annison, 1996) . The 3 Jacobson Machine Works, Inc., Minneapolis, MN 55427. 4 Celite Corp., Lompac, CA 93436. 5 Finnfeeds International, Marlborough, Wiltshire, UK, SN8 1XN. 6 Western Hatchery Ltd., Abbotsford, BC, Canada, V2T 6B6. main NSP in wheat and barley are pentosans and bglucans, respectively. Choct and Annison (1990) added purified sources of NSP to wheat-based diets, fed them to young broiler chicks, and observed the classic symptoms of sticky droppings, reduced feed intake, and weight gain, resulting in poor feed conversion. These problems were alleviated with the addition of xylanase to wheat-based diets and b-glucanase to barley-based diets. Enzyme supplementation increases the ME values of wheat and barley containing high levels of NSP, and decreases the variation in ME caused by these antinutritive factors (T. Scott, unpublished data) .
Adult Leghorn cockerels have been used for ME determinations because of their low cost and maintenance requirements and neutral productive energy balance, and because they can be trained for individual bird measurements and reused in subsequent tests (Sibbald, 1982 (Sibbald, , 1986 . However, differences in AME determination exist between broiler and egg laying strains of chickens (Slinger et al., 1964; March and Biely, 1971; Spratt and Leeson, 1987) as well as between broilers of different ages (Zelenka, 1968 (Zelenka, , 1997 Coates et al., 1977) . These differences are exacerbated in diets requiring enzymes, as adult Leghorn cockerels in particular appear to have a negligible response to enzyme supplementation in comparison to broilers (Jeroch and Dänicke, 1996) . Therefore, quantifying ME values for wheat-and barley-based diets with enzymes requires the use of a broiler bioassay.
The energy content of a feed can also be affected by the method of measurement, for review see Sibbald (1976 Sibbald ( , 1982 , Farrell (1978) , Härtel (1986) , McNab and Blair (1988) , Askbrant (1990) , and Zelenka (1997) . The present bioassay is designed to: 1) measure the feeding value of an ingredient; 2) reduce the physiological and animal welfare concerns attached to the use of a starvation period(s) [Yamauchi et al. (1996) reported dramatic changes in gut morphology with 24 h starvation]; 3) assess the palatability of the ingredient; 4) assess the bird's adaptation to the feed (with time); and 5) assess the bird's response to enzyme supplementation of the diet.
Accurate and precise AME values are needed to predict the feeding value of a cereal grain and the efficiency of treatments to reduce the effects of antinutritive compounds, and they will be needed to validate predictions of AME from laboratory measures. The aim of this report is to describe an AME assay for cereal grains and to compare the values and the intraand interassay variation to those obtained by using ME assays.
MATERIALS AND METHODS
The bioassay described typically requires a minimum of 45 kg of unground cereal grain. On reception, whole grain is subsampled, and bushel and 1,000 kernel weights recorded. The cereal grain is then ground using a Jacobson grinder (Model P-241-DTF-Pulverator 3 ) equipped with a 3.6-mm screen. It is then mixed with other feed ingredients (Table 1) to produce 50 kg of a complete ration, of which the test cereal grain makes up 80%. In the assays of wheat samples described here, the basal ingredients were changed between 1994 and 1995, in an attempt to alleviate what was felt to be a palatability problem associated with high levels of corn gluten or crystalline amino acids. The basal ingredients used for wheat in 1995 were used for all of the barley samples. The diet ingredients include 0.80% Celite ™4 as an acid insoluble ash digestibility marker and 0.3% chromic oxide. The use of Celite ™ has been validated (Scott and Boldaji, 1997) and future assays will use only Celite ™ . Following mixing, the diet is divided into two equal portions, one of which is supplemented with 0.15% of a commercial enzyme 5 (Avizyme TX for wheat and Avizyme SX for barley) and one of which is fed as is.
In Table 1 , for specific cereal grains, there were no differences in determined levels of gross energy, crude protein, acid insoluble ash, or dry matter due to enzyme supplementation. Therefore, the values presented were the average of all measurements for a specific cereal grain with or without an enzyme. However, the addition of enzyme resulted in significant increases in AME values for the control wheat and barley samples (Table 1) and have been reported separately.
Typically a bioassay accommodated four pens (2,500 cm 2 ) of six male broilers (Arbor Acres × Peterson 6 ) for each diet studied. Up to 36 diets (e.g., 18 cereal grains, each with or without supplemental enzyme) with four replicate pens per diet can be accommodated in the 144-cage bioassay facility.
Whole room brooding was practiced. Initial brooding temperatures at bird level were 34 C and were gradually reduced to 28 C by 17 d of age. Chicks were provided free access to feed and nipple drinkers. Care and management of the broilers was in accordance with the Canadian Council of Animal Care Guidelines (1993). Experimental protocols were approved by the Pacific Agri-Food Research Centre Animal Care Committee. Chicks were fed a standard broiler starter diet (22% CP; 2,900 kcal ME/kg) from 0 to 4 d of age. Beginning at 4 d the test diets were fed and subsequent growth rate and feed intake monitored at 17 d of age, the last day of the assay.
Although not all of the data from the following measurements will be presented herein, a complete description of the bioassay procedure follows: On Day 17, all chicks were killed by cervical dislocation and the intestinal tract was excised. Digesta from the upper small intestine (duodenum and jejunum) was collected from four birds in each of the first two replicate pens for each diet. The digesta of two birds were pooled to provide a total of four samples per diet for viscosity measurement with a Brookfields Viscometer (Model LVDVII+CP 7 ). Ileal digesta from two replicate pens (total of 12 broilers) per diet was combined to provide two ileal samples per diet for chemical analysis. Diet, excreta, and ileal digesta were dried, ground, and analyzed for DM, insoluble ash marker (Vogtmann et al., 1975) The NRC (1994) values for basal components of the diet were calculated and used to correct the AME of the diet to reflect the AME of the dietary cereal grain component alone (Tables 2, 3, 4): AME of the cereal grain = (AME of total diet -599.8) × 100/80
Over a 2-yr period, 108 samples of wheat were tested in 15 assays, and 79 samples of barley were tested in five assays. To monitor variability (e.g., due to variation between sources of broilers or environment) between assays, we employed a common sample of Hard Red Spring wheat (HRS) and Canadian Prairie Spring wheat (CPS) in each wheat assay. Two single-pen replications of these control wheat samples were included in the first 11 assays, and four pens were included in the last 4 assays. In a similar manner, four replicate pens of a single source of hulled and hulless barley were included in each of the five barley assays. Although the assay records three AME values (based on excreta collected for 24 h at 8 and 16 d and ileal digesta collected at 17 d), the variation of that obtained from the excreta at 16 d only was described here.
All data was subjected to analysis of variance using the General Linear Models (GLM) procedure of SAS ® (Littell et al., 1991) . Data on the diet composition [DM, gross energy (GE), percentage nitrogen × 6.25, and insoluble ash] were analyzed separately for wheat and barley, and within year for wheat, using a model including the cultivar type, enzyme addition, and the interaction between the two. Broiler performance and AME values for cereal grains were analyzed using a model that included the effects of the assay, cultivar type (HRS and CPS for wheat; hulled and hulless for barley), enzyme addition, and all of the interactions. Data for wheat assays in 1994 and 1995 were analyzed separately because the basal diet changed between the years. The AME and BW at 17 d were also analyzed within the year (for wheat), cultivar type, and enzyme supplementation to determine the variance components among assays and among pens within assays. In these analyses, the series was the only source of variation. The among pens CV is given as the error CV of the model and the assay MS was used to calculate the between assay CV.
RESULTS
In the 1994 assays, the diets using HRS wheat had slightly lower (P ≤ 0.01) DM, higher (P ≤ 0.01) GE, and higher (P ≤ 0.01) CP levels than the diets using CPS wheat ( Table 1) . The same results were found in the 1995 assays except that the difference in GE was not significant (P ≤ 0.06). The diets using hulled barley had a higher DM (P ≤ 0.05) and insoluble ash (P ≤ 0.01) content than those using hulless barley. Neither enzyme addition nor the interaction between cultivar and enzyme addition were significant for any of these measures.
In 1995, the performance of the chicks on the wheat diets was improved over that in 1994 (Tables 2 and 3) , probably as a result of the change in the basal diet. Body weights were higher and feed to gain ratios were lower for chicks fed the HRS wheat than for chicks fed the CPS wheat in both years, but feed intake was not different between cultivars. Enzyme supplementation increased feed intake and 17-d BW, and reduced the feed to gain ratio consistently for both wheat types in both years. In 1994, the excreta DM was higher for HRS wheat but the effect of the enzyme supplementation was not significant. In 1995, excreta DM of the cultivars were not different, and enzyme addition had a major, and nearly equal effect on both wheat types. The hulled and hulless barley cultivars were significantly different for the excreta DM, feed intake, 17-d BW, and the feed to gain ratio (Table 4) . Enzyme supplementation had a significant effect on all performance measures and the interaction between the cultivar and enzyme supplementation was significant for feed intake, BW, and feed to gain ratio, with the enzyme having a greater effect on the hulless variety. Although no statistical comparison was made between chicks fed the wheat and the barley samples, feed intake, BW, and the feed to gain ratios were comparable between wheat tested in 1995 and barley with the enzyme supplementation.
Apparent metabolizable energy values (as determined for the respective cereal grains) are presented in Tables 2, 3, and 4. The HRS wheat had higher AME values than the CPS wheat in both years. Enzyme supplementation increased the AME values and did so equally for the two wheat cultivars. Enzyme supplementation increased the AME of both barley types, but that of the hulless barley by a greater amount.
There were significant effects for assay on feed intake and BW for the control wheat samples tested in both years, for excreta DM in 1994, and for the feed to gain ratio in 1995. Assay did not significantly effect the AME measurements in either year, although the assay by cultivar interaction was significant in both years and the assay by enzyme interaction was significant in 1994. There were significant differences between assays for all measures taken for control hulled and hulless barley samples.
The among-pens CV (the error CV) for AME within each combination of year, cereal type, and enzyme addition (Table 5 ) were all less than 3.4%, and the between-assays CV were only slightly higher. Enzyme addition reduced the among pens CV in all cases, but had little effect on the between-assays CV. The CV for BW were higher than those for AME, as were the between-assay CV for wheat.
DISCUSSION
The aim of a bioassay is to determine the feeding value of a feedstuff as accurately and precisely as possible. Accuracy is important for ration formulation and for the eventual validation of laboratory measures designed to predict ME values that could potentially replace bioassays in the prediction of feeding value.
The NRC (1994) suggests that young broilers need a feed containing 3,200 kcal/kg ME and 23% CP. Although chickens will vary intake of diet with energy level, intake is also influenced by levels of other nutrients in the diet. The diets used here all supported broiler chick growth, although the energy, and presumably other nutrient, levels varied between cereal grains with or without enzyme. Performance data (e.g., feed intake and growth rate) from the 1994 wheat assays suggest that these diets resulted in limited feed intake, possibly due to the high inclusion levels of corn gluten meal or crystalline amino acids (lysine and methionine), however, even on these diets, the chicks were in a positive energy balance and there was no indication that they were physiologically abnormal. For wheat-based diets, there was a large difference in excreta DM between years, and the enzyme had a significant effect only in 1995. Feed intake was much lower in 1994, which may have resulted in increased water intake and therefore lower excreta DM independently of either NSP or enzyme level. The AME values for wheat in 1994 and 1995 were very similar, suggesting that maximum feed intake or growth was not necessary to obtain consistent AME values for a cereal grain.
The AME values obtained using the bioassay varied from 3,340 to 3,650 kcal/kg for wheat and from 2,890 to 3,290 kcal/kg for barley (DM basis). Farrell (1981) reported ME values between 3,050 kcal/kg and 3,770 kcal/kg for 33 samples of Australian wheat and between 2,810 and 3,480 kcal/kg for 33 samples of barley. March and Biely (1973) reported ME values for 33 Canadian wheat samples that varied from 3,005 to 3,795 kcal/kg. The AME values obtained using the bioassay described here fall within these ranges. The AME values obtained were higher than the values reported by NRC (1994) for HRS wheat, about equal to the NRC (1994) values for CPS wheat with enzyme supplementation but lower without, and much higher than NRC values for barley, especially with enzyme supplementation. The feed industry in British Columbia has questioned the NRC (1994) values (Swift, unpublished data) because they do not appear to be accurate when used in commercial broiler diets.
Few authors report CV that allow comparisons of precision between methods. McNab and Blair (1988) reported that the average CV of TME values from several feedstuffs was 5.5%, and that the CV of TME with a nitrogen correction was 4.7%. Using their modifications to the TME assay (longer starvation, administration of glucose and water) they reduced these CV to 1.5 and 1.8% respectively. Farrell (1978) reported SD values for two diets obtained using trained roosters that would suggest CV of 1.2%. The low among-pen CV in the present study indicate that this assay is at least as precise as other assays, and the lower CV when diets were supplemented by enzyme suggests that the precision is improved by enzyme addition. The between-assay CV for wheat samples were also low, suggesting that values for wheat samples included in different series can be compared. The effect of the assay was significant for AME of the barley samples. The same genetic strain of chicks was used for each assay and the management conditions have been standardized in an effort to minimize between-assay variation.
The present AME bioassay was developed primarily as a tool to accurately predict the feeding value of western Canadian cereal grains (i.e., barley and wheat) for broiler chickens. The merits of the procedure are: 1) it provides a relatively accurate and repeatable estimate of feeding value (e.g., AME) of wheat or barley; 2) it utilizes ad libitum feeding, thereby reducing physiological change and animal welfare concerns from feed deprivation periods; 3) measurements of feed intake supply information on palatability, which is not the case when samples are intubated; 4) a 13-d feeding period allows the broiler chick time to adjust to the diet, as would be observed in a commercial situation (e.g., adjust gut capacity or gut microflora); and 5) allows the assessment of both bird performance to, and digestibility of, dietary ingredients with or without an appropriate enzyme. The latter, enzyme response, must be measured with broiler chicks as adult cockerels are not affected, or as affected, by levels of NSP in the diet.
